###### Importance of the Study

During the COVID-19 global pandemic, cancer care remains an essential clinical need, especially for patients with aggressive tumors such as glioblastoma. For vulnerable elderly cancer patients, there is also a risk of infection associated with treatment and contact with the health care system. We have developed a quantitative framework for incorporating COVID-19--associated risk into results from seminal randomized trials in management of glioblastoma in the elderly. Our results provide guidance on the optimal treatment options under various pandemic scenarios and provide an approach that can be applied to guide treatment decisions across neuro-oncology during this pandemic.

With rapid spread of COVID-19 cases around the world, the World Health Organization declared a worldwide pandemic on March 11, 2020.^[@CIT0001]^ During this global pandemic, cancer care remains an essential clinical need, but cancer patients are particularly vulnerable to infections due to their immunocompromised state.^[@CIT0002]^ Initial reports of COVID-19 suggest that, relative to the general population, patients with a history of cancer have a higher incidence of infection with severe acute respiratory syndrome--coronavirus 2 (SARS-CoV-2) and higher risk of severe COVID-19--associated events.^[@CIT0003]^

Radiation therapy is an important component of cancer therapy, and standard treatments require daily visits to a health care environment over several weeks. Radiation oncology departments have therefore quickly developed and implemented protocols to minimize risks of COVID-19 to patients.^[@CIT0004],[@CIT0005]^ While the use of the shortest possible course of radiation for patients has been advocated by the American Society for Radiation Oncology,^[@CIT0006]^ abbreviated courses of treatment may require trade-offs in cancer control or toxicity compared with standard courses. In this study we develop a quantitative framework for incorporating COVID-19--associated risk to characterize the effects of this trade-off on patient outcomes and applied this framework to elderly patients with glioblastoma (GBM).

GBM is an incurable primary brain tumor, and there is no consensus on the optimal adjuvant treatment of elderly GBM patients given worse outcomes and concerns of treatment-related toxicity.^[@CIT0007],[@CIT0008]^ During a pandemic, treatment recommendations require careful thought, as these older patients are also at highest risk of COVID-19--associated mortality.^[@CIT0009]^ Prospective, randomized trials provide evidence for treatment regimens that incorporate hypofractionated radiation (higher dose per fraction for fewer fractions) or chemotherapy alone with omission of radiation.^[@CIT0010]^ An emerging challenge has been understanding the risks and benefits of these regimens and possible effects on clinical outcomes of patients in the setting of a pandemic.

The development of a mathematical framework allows for a quantitative analysis to weigh competing risks and inform treatment decision making. With this in mind, we reviewed seminal trials in elderly GBM patients and re-analyzed trials with extracted individual patient-level data (IPLD) and incorporation of the risk of SARS-CoV-2 infection and COVID-19 mortality to evaluate how decisions on radiation regimen may affect clinical outcomes.

Methods {#s1}
=======

Study Inclusion {#s2}
---------------

We included published randomized trials identified by recent meta-analyses as randomized trials that inform the treatment of elderly GBM patients.^[@CIT0008],[@CIT0010]^ To be included, publications required Kaplan--Meier survival curves with at-risk tables and reporting of total number of death events. We included the Nordic randomized trial (International Standard Randomised Controlled Trial \#ISRCTN81470623),^[@CIT0011]^ the Canadian Cancer Trials Group (CCTG)/European Organisation for Research Treatment of Cancer (EORTC) trial (NCT00482677),^[@CIT0012]^ the German NOA-08 trial (NCT01502241),^[@CIT0013]^ a French trial evaluating radiation versus supportive care (NCT00430911),^[@CIT0014]^ and a Canadian hypofractionation trial ([Table 1](#T1){ref-type="table"}).^[@CIT0015]^ We did not include the International Atomic Energy Agency hypofractionation trial^[@CIT0016]^ because the published Kaplan--Meier survival curves did not include at-risk tables. We did not include EORTC/National Cancer Institute of Canada Clinical Trials Group trial sub-analysis of elderly GBM patients^[@CIT0017]^ because Kaplan--Meier figures were not included for this subset of patients in the publication. For each trial, trial population, design, sample size, primary endpoint(s), reported hazard ratio (HR) and outcome measures were extracted.

###### 

Randomized trials evaluating adjuvant therapy in elderly GBM patients included in analysis

  Trial Registration               NCT00482677            ISRCTN81470623          NCT01502241^\#^   NCT00430911                    
  -------------------------------- ---------------------- ----------------------- ----------------- ------------------------------ ----------------
  **Study years**                  2007--2013             2000--2009              2005--2009        2001--2007                     1996--2001
  **Patients (n)**                 562                    291                     373               81                             95
  **Sex**                                                                                                                          
   Male                            61%                    59%                     47%               63%                            58%
   Female                          39%                    41%                     53%               37%                            42%
  **Age, minimum**                 65                     60                      65                70                             60
  **Age, median (range)**          73 (65--90)^+^         70 (60--83)\*           72 (66--84)       73 (70--85)                    72 (mean)
  **Performance status, min**      ECOG 2                 ECOG 2                  KPS 60            KPS 70                         KPS 50
  **Performance status, median**   ECOG 1 (0--1, 77%)     ECOG 1 (0--1, 77%)      KPS 80            KPS 70                         KPS 70
  **MGMT status**                                                                                                                  
   MGMT methylated                 47% (165/354)          45% (91/203)            35% (73/209)      N/A                            N/A
   MGMT unmethylated               53% (189/354)          55% (112/203)           65% (136/209)     N/A                            N/A
   Unknown                         208 (37%)              88 (30%)                164 (44%)         81 (100%)                      95 (100%)
  **Extent of resection**                                                                                                          
   Biopsy                          32%                    26%                     39%               52%                            39%
   Partial or complete resection   68%                    74%                     61%               48%                            61%
  **Randomization**                RT-15 + TMZ vs RT-15   RT-30 vs RT-10 vs TMZ   RT-30 vs TMZ      RT-28 versus supportive care   RT-30 vs RT-15

^\#^Included GBM and anaplastic astrocytoma.

^+^Age 65--70: n = 82; age 71--75: n = 114; age 76+: n = 85.

\*Age 60--70: n = 125; age 70+: n = 117.

RT-30 = 6 weeks \[30 fractions\] of RT (total dose 60 Gy).

RT-28 = 5.5 weeks \[28 fractions\] of RT (total dose 50.4 Gy).

RT-15 = 3 weeks \[15 fractions\] of RT (total dose 40.05 Gy).

RT-10 = 2 weeks \[10 fractions\] RT (total dose 34 Gy).

N/A = Not applicable.

IPLD Reconstruction {#s3}
-------------------

IPLD were extracted from published Kaplan--Meier curves for overall survival (OS) for total cohort and O^6^-methylguanine-DNA methyltransferase (MGMT) methylation status subgroups, as previously described.^[@CIT0018]^ Outcome measures and Kaplan--Meier figures from reconstructed datasets were compared with original publications for quality assurance ([Supplementary Figure 1A--E](#sup1){ref-type="supplementary-material"}).

Incorporation of COVID-19 Mortality {#s4}
-----------------------------------

We simulated COVID-19 mortality based on 2 parameters, the risk of SARS-CoV-2 infection per fraction of radiation received (***i***), and the risk of death from COVID-19 for patients who are infected (***d***).***i*** was assumed to be a constant, per-fraction risk, independent of prior fractions. Our model did not incorporate infection risk for other treatment courses, beyond the risk per radiation fraction.

For each patient in a replicate dataset, we simulated the radiation fraction at which that patient was infected as a geometric random variable parametrized by ***i*.** Those patients for whom this value was less than the total number of fractions they received were considered to have been infected by SARS-CoV-2 during treatment (***c***). We then simulated the number of deaths caused by COVID-19. We first simulated ***N***~***d***~ in this group by drawing from a binomial distribution with *n* = ***c*** and death rate *p* = ***d***, and selected ***N***~***d***~ individuals randomly from the pool of infected patients. These ***N***~***d***~ individuals had their survival time adjusted as follows: We assumed a period of \~4 weeks between diagnosis and start of radiation, and added the number of fractions on treatment until infection (based on the simulations above). We added a 5-day incubation period, and simulated time from symptom onset to death as a gamma random variable with mean 18 days and shape parameter 1.0. These estimates are based on published reports of a 5-day incubation period^[@CIT0021]^ and mean time of 18 days from symptom onset to death.^[@CIT0022]^ The date of death in the reconstructed dataset acts as censoring time of death for COVID-19.

Parameter Values {#s5}
----------------

Risk of COVID-19--associated mortality appears to depend on both age and comorbidity profile, with a range of mortality rates reported in the literature. The median age in all 5 trials was between 70 and 80 years ([Table 1](#T1){ref-type="table"}). Available estimates suggest an infection mortality rate of \~4.3% in this age group in the general population.^[@CIT0022]^ Infection mortality rate is distinct from case fatality rate in that it includes mild and asymptomatic infections that are not tested or diagnosed. Cancer patients, however, have a higher risk of COVID-19--associated mortality compared with the general population. The rate of a composite endpoint of admission to the intensive care unit, mechanical ventilation, or death was \~2.5-fold higher in patients with comorbidities, including cancer (15% vs 6%) in a publication by Guan et al,^[@CIT0023]^ and the case fatality rate in cancer patients was similarly \~2.4-fold higher (5.6% vs 2.3%) in a report by Wu et al.^[@CIT0009]^ Furthermore, Liang et al reported an increase of \~5-fold in rate of severe events among cancer patients (39% vs 7.9%),^[@CIT0003]^ and Zhang et al reported a COVID-19 mortality rate of \~30% in a cohort of 28 cancer patients.^[@CIT0024]^

We simulated scenarios with COVID-19 fatality rates reflecting this range and felt to be representative of the 5 trials included in this analysis, each with a median age in the 70--80 years old age range. Specifically, for our low risk scenarios we assumed a fatality risk of 10%, which is approximately 2.3-fold higher than the estimated infection fatality rate of 4.3% in the general population. For medium and high risk scenarios, we increased this to 20% and 30%, respectively, which may better reflect other reports published in the literature. This parameter can be modified when applying our model to a different trial or to a specific patient to reflect the expected risks associated with a different age group.

We modeled low, medium, and high infection risk scenarios as those with risk of 1%, 5%, and 10%, respectively, of COVID-19 infection per fraction. Data are currently lacking to estimate this risk, but with development of "hotbeds" of infection, the daily risk is likely dynamic, varying widely based upon location and temporal trends of pandemic spread. It is possible that during the peak of an uncontrolled pandemic at a hospital overwhelmed with patients positive for COVID-19, this risk may exceed 10% per visit to the hospital.

Simulation Procedure {#s6}
--------------------

We generated simulation replicates for each scenario by sampling with replacement from each arm of a given trial. One thousand replicates were generated for each scenario. For each replicate, mortality from COVID-19 was simulated per the procedure described above.

Statistical Analysis {#s7}
--------------------

For each replicate, we performed Cox proportional hazards modeling to obtain estimates of the HRs and 95% CIs. For each scenario, we reported the median of the HR and upper and lower 95% CI bounds across 1000 bootstrap replicates.

Results {#s8}
=======

We examined the effects of SARS-CoV-2 infection and COVID-19 mortality in a range of different scenarios, with daily infection risks of 1%, 5%, 10% and case fatality rates of 10%, 20%, and 30% (see Methods). For the purposes of illustration, we considered a scenario with 1% daily risk and 10% mortality as low risk, 5% daily risk and 20% mortality as medium risk, and 10% daily risk and 30% mortality as high risk. A low risk scenario might be one where SARS-CoV-2 is circulating in the community but where the number of cases is far from the peak and where the health care system is not overwhelmed. A medium risk scenario might be one during the upslope of the curve, with higher numbers of cases and increased hospitalizations. A high risk scenario would be during the peak of a pandemic, with an overwhelmed health care system and limited resources. [Table 2](#T2){ref-type="table"} summarizes median survival and associated HRs in the scenarios of low, medium, and high risk for each trial.

###### 

Overall survival from randomized trials of elderly GBM patients in setting of COVID-19--associated mortality

  Study Author, Year of publication   Arms               Hazard Ratio (95% CI)                                                               Median OS, mo (95% CI)                                           
  ----------------------------------- ------------------ ----------------------- ------------------- ------------------- ------------------- ------------------------ ------------------- ------------------- -------------------
  **Malmstrom et al, 2012**           **RT-30 (ref)**    --                      --                  --                  --                  6.11 (5.21--7.66)        6.05 (5.08--7.66)   5.21 (4.04--6.43)   3.96 (2.90--5.73)
                                      **RT-10**          0.86 (0.65--1.15)       0.86 (0.64--1.14)   0.81 (0.61--1.08)   0.80 (0.60--1.06)   7.60 (6.59--9.18)        7.53 (6.59--9.04)   7.28 (5.95--8.41)   6.15 (5.14--7.66)
                                      **TMZ**            0.71 (0.53--0.95)       0.69 (0.52--0.93)   0.61 (0.46--0.82)   0.54 (0.40--0.73)   8.27 (6.96--9.70)        8.12 (6.96--9.70)   8.27 (6.96--9.70)   8.27 (6.96--9.70)
  **Perry et al, 2017**               **RT15 (ref)**     --                      --                  --                  --                  7.60 (7.04--8.48)        7.56 (6.97--8.33)   6.97 (5.96--7.65)   5.62 (4.48--6.70)
                                      **RT15 + TMZ**     0.66 (0.55--0.78)       0.66 (0.55--0.79)   0.69 (0.58--0.82)   0.73 (0.61--0.86)   9.32 (8.35--10.4)        9.23 (8.25--10.3)   8.31 (7.56--9.65)   7.13 (5.84--8.14)
  **Roa et al, 2004**                 **RT-30 (ref)**    --                      --                                                          5.49 (4.19--8.36)        5.17 (4.19--8.36)   4.24 (2.95--6.80)   3.40 (2.20--5.70)
                                      **RT-15**          0.92 (0.59--1.41)       0.90 (0.58--1.39)   0.88 (0.57--1.36)   0.91 (0.59--1.39)   5.71 (4.68--8.36)        5.71 (4.68--8.36)   5.24 (3.12--8.06)   4.26 (2.39--5.84)
  **Wick et al, 2012**                **RT-30 (ref)**    --                      --                  --                  --                  9.41 (8.16--10.7)        9.25 (7.90--10.3)   7.61 (6.49--9.48)   6.10 (4.20--7.84)
                                      **TMZ**            1.09 (0.84--1.42)       1.05 (0.81--1.36)   0.85 (0.66--1.09)   0.68 (0.53--0.87)   8.46 (7.44--10.4)        8.43 (7.15--10.0)   8.46 (7.44--10.4)   8.46 (7.44--10.0)
  **Keime-Guibert et al, 2007**       **SC** **(ref)**   --                      --                  --                  --                  3.61 (2.89--4.87)        3.61 (2.89--4.87)   3.61 (2.89--4.87)   3.64 (2.89--4.87)
                                      **RT-28**          0.45 (0.28--0.73)       0.46 (0.29--0.74)   0.55 (0.34--0.88)   0.66 (0.42--1.06)   6.50 (5.60--8.03)        6.50 (3.90--8.03)   6.27 (2.89--7.76)   3.21 (2.37--7.13)

Baseline: Estimates from reconstructed IPLD, without incorporation of COVID-19 risk.

Low Risk: Case fatality rate = 10%, infection risk per fraction = 1%.

Medium Risk: Case fatality rate = 20%, infection risk per fraction = 5%.

High Risk: Case fatality rate = 30%, infection risk per fraction = 10%.

ref: Reference arm.

SC: Supportive Care.

The Nordic Trial {#s9}
----------------

The Nordic Clinical Brain Tumour Study Group trial (International Standard Randomised Controlled Trial \#ISRCTN81470623) was designed to evaluate the optimum treatment in GBM patients 60 years or older, and it compared standard radiation (RT-30, 60 Gy in 30 fractions), hypofractionated radiation (RT-10, 34 Gy in 10 fractions), and temozolomide (TMZ) (200 mg/m^2^ on days 1--5 of every 28 days up to 6 cycles).^[@CIT0011]^ In our reconstruction, we obtained an HR of 0.86 (ref: RT-30, 95% CI: 0.65--1.15) for RT-10 and HR of 0.71 (ref: RT-30, 95% CI: 0.53--0.95) for TMZ, which were nearly identical to published values ([Table 1](#T1){ref-type="table"}, [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}).

[Fig. 1](#F1){ref-type="fig"} demonstrates the effects on survival in low risk, medium risk, and high risk COVID-19 pandemic scenarios. We furthermore evaluated a 1%, 5%, or 10% daily risk of infection and COVID-19 fatality rates of 10%, 20%, or 30% ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). In a low-risk scenario with 10% COVID-19--associated mortality and 1% infection risk per fraction, results remain similar, with no significant difference between RT-10 and RT-30 regimens (HR, 0.86; 95% CI: 0.64--1.14), while TMZ remains superior to RT-30 (HR, 0.69; 95% CI: 0.52--0.93). In the medium risk scenario (20% fatality rate, 5% infection risk), a hypofractionated regimen (RT-10) trends toward a benefit over a standard radiation course (HR, 0.81; 95% CI: 0.61--1.08). In the high risk scenario, TMZ alone has a greater magnitude of treatment effect over standard radiation (HR, 0.54; 95% CI: 0.40--0.73) and hypofractionated radiation (HR, 0.68; 95% CI: 0.51--0.92).

![Survival curves from simulations of the Nordic trial with low risk, medium risk, and high risk COVID-19 pandemic scenarios. One thousand replicates were generated for each scenario, and the shaded bands represent the upper and lower 95% CI bounds for Kaplan--Meier estimates across the replicates.](noaa111f0001){#F1}

CCTG/EORTC Hypofractionated Chemoradiation versus Hypofractionated Radiation Trial {#s10}
----------------------------------------------------------------------------------

The CCTG/EORTC trial (ClinicalTrials.gov identifier NCT00482677) compared hypofractionated radiation with concurrent and adjuvant TMZ (RT-15-TMZ) with hypofractionated radiation (RT-15) among elderly GBM patients 65 years or older.^[@CIT0012]^ Reconstructed IPLD in our analysis estimated a HR of 0.66 (95% CI: 0.55--0.78) ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}), nearly equal to published values. Both arms of this trial incorporated 15 fractions of radiation therapy, and the overall results did not significantly change with varying COVID-19 risk, but the median survival with RT-15-TMZ decreased from 9.3 months (95% CI: 8.4--10.4) to 7.1 months (95% CI: 5.8--8.1) in the high risk scenario.

German NOA-08 {#s11}
-------------

The German NOA-08 study (NCT01502241) evaluated the use of standard radiation (RT-30) versus TMZ in patients 65 years or older with anaplastic astrocytoma or GBM, and reported no significant difference with respect to OS or event-free survival.^[@CIT0013]^ Our reconstructed IPLD matched the published HR estimate of 1.09 (95% CI: 0.84--1.42) for OS. With increasing COVID-19--associated mortality, TMZ alone appears more favorable relative to standard radiation therapy, with HR, 0.68 (0.53--0.87) in the high risk wscenario ([Table 2](#T2){ref-type="table"}, [Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). This is similar to findings from our analysis of the Nordic trial.

Canadian Hypofractionation versus Standard Radiation Trial {#s12}
----------------------------------------------------------

The Canadian hypofractionation trial established the use of hypofractionated radiation over 3 weeks as a comparable treatment for elderly GBM patients. In this trial of patients aged 60 years or older with KPS ≥50, there was no significant difference in survival among patients receiving standard radiation (RT-30) compared with hypofractionated radiation over 3 weeks (RT-15).^[@CIT0015]^ Chemotherapy was not incorporated in upfront adjuvant therapy in this trial.

In our analysis, outcomes remained poor regardless of treatment or simulated COVID-19--associated risk in this small trial population of frail and elderly patients, without a significant difference across risk scenarios (ref RT-15, HR, 0.91; 95% CI: 0.59--1.39 in high risk scenario) ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). The median survival was less than 6 months in both arms in the original publication and estimated to be 4--5 months with the incorporation of high COVID-19--associated risk.

Radiation Therapy versus Supportive Care Trial {#s13}
----------------------------------------------

The French randomized trial by Keime-Guibert et al (NCT00430911) evaluated the use of fractionated radiation over 5.5 weeks compared with supportive care alone.^[@CIT0014]^ Reconstructed IPLD estimated an HR of 0.45, which matches the published point estimate. In scenarios with incorporation of COVID-19--associated risk ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}), radiation therapy was associated with a survival benefit compared with supportive care alone, although the magnitude of survival benefit was reduced with increasing COVID-19 risk (HR, 0.66; 95% CI: 0.42--1.06 in high risk scenario).

MGMT Methylation Status {#s14}
-----------------------

The Nordic and CCTG/EORTC trials included results stratified by MGMT methylation status that we reconstructed. Patients receiving RT-10 and RT-30 were combined in the Nordic trial for these analyses.

Among MGMT methylated patients, TMZ had a greater magnitude of benefit relative to radiation therapy monotherapy in the Nordic trial with increasing COVID-19--associated mortality with statistical superiority in the high risk scenario (HR, 0.57; 95% CI: 0.36--0.91) ([Table 3](#T3){ref-type="table"}, [Fig. 2](#F2){ref-type="fig"}). In the CCTG/EORTC trial, median survival decreased from 13.4 to 9.5 months going from low to high risk scenarios with hypofractionated chemoradiation. Numerically, however, this remained higher than outcomes in patients with single modality treatment in the Nordic study.

###### 

Overall survival by MGMT status from 2 randomized trials of elderly GBM patients in setting of COVID-19--associated mortality

  MGMT Status        Study                       Arm                Hazard Ratio (95% CI)                                                               Median OS, mo (95% CI)                                             
  ------------------ --------------------------- ------------------ ----------------------- ------------------- ------------------- ------------------- ------------------------ -------------------- -------------------- -------------------
  **Methylated**     **Perry et al. 2017**       **RT--15 (ref)**   --                      --                  --                  --                  7.68 (5.94--11.1)        7.67 (5.94--11.1)    7.11 (5.22--10.3)    5.44 (3.52--7.73)
                                                 **RT--15 + TMZ**   0.52 (0.38--0.72)       0.52 (0.38--0.73)   0.55 (0.39--0.76)   0.60 (0.43--0.84)   13.45 (10.5--15.6)       13.40 (10.3--15.6)   12.20 (9.34--14.6)   9.47 (6.51--13.5)
                     **Malmstrom et al. 2012**   **RT\* (ref)**     --                      --                  --                  --                  8.21 (6.67--9.58)        7.95 (6.57--9.58)    7.31 (5.65--9.34)    5.91 (3.96--8.27)
                                                 **TMZ**            0.72 (0.45--1.14)       0.71 (0.44--1.12)   0.65 (0.41--1.03)   0.57 (0.36--0.91)   9.72 (9.00--13.4)        9.72 (9.00--13.4)    9.72 (9.00--13.4)    9.72 (9.00--13.4)
  **Unmethylated**   **Perry et al. 2017**       **RT--15 (ref)**   --                      --                  --                  --                  7.92 (7.16--10.2)        7.90 (7.08--10.1)    7.53 (6.00--9.00)    6.05 (4.33--7.90)
                                                 **RT--15 + TMZ**   0.77 (0.57--1.04)       0.77 (0.57--1.03)   0.80 (0.59--1.08)   0.81 (0.60--1.09)   9.95 (8.41--11.0)        9.90 (8.24--10.9)    8.83 (7.68--10.2)    7.85 (6.06--9.80)
                     **Malmstrom et al. 2012**   **RT\* (ref)**     --                      --                  --                  --                  6.96 (5.24--9.80)        6.95 (5.15--9.80)    6.16 (4.70--8.34)    4.82 (3.42--6.98)
                                                 **TMZ**            1.14 (0.77--1.69)       1.13 (0.76--1.69)   0.99 (0.66--1.47)   0.84 (0.57--1.25)   6.92 (6.06--8.62)        6.92 (6.06--8.62)    6.92 (6.06--8.62)    6.92 (6.17--8.62)

Baseline: Estimates from reconstructed IPLD, without incorporation of COVID-19 risk.

Low Risk: Case fatality rate = 10%, infection risk per fraction = 1%.

Medium Risk: Case fatality rate = 20%, infection risk per fraction = 5%.

High Risk: Case fatality rate = 30%, infection risk per fraction = 10%.

ref: Reference arm.

\*: 10 or 30 fractions

![Survival curves from simulations for MGMT methylated patients enrolled in the CCTG/EORTC hypofractionated chemoradiation trial and the Nordic trial, under\
low risk, medium risk, and high risk COVID-19 pandemic scenarios.](noaa111f0002){#F2}

Among MGMT unmethylated patients in the Nordic trial, OS decreased in the radiation arm with increasing risk (median survival, 7.0 mo in lowest risk and 4.8 mo in highest risk scenario), but there was no significant difference compared with TMZ alone. These trends were reflected in the CCTG/EORTC trial as well, where in MGMT unmethylated patients, median survival ranged from 7.9 to 6.1 months with RT alone in the low and high risk scenarios, respectively ([Supplementary Figure 7](#sup1){ref-type="supplementary-material"}).

Discussion {#s15}
==========

During the COVID-19 pandemic, contact with the health care system carries a risk of infection and mortality. This is especially relevant for cancer patients receiving radiation therapy, which requires daily contact with health care facilities over a period of several weeks. Clinicians must therefore weigh COVID-19--associated risk when recommending a radiation therapy regimen for GBM patients. The expected effect of COVID-19 on clinical outcomes of patients treated with radiation therapy depends on the risk of becoming infected with SARS-CoV-2 per fraction of radiation received and the risk of death from COVID-19 for patients who are infected. The daily risk of becoming infected by SARS-CoV-2 during radiation therapy is based on a variety of factors that include the prevalence of the pandemic in a certain location, precautions and social distancing employed at local and federal levels, as well as the safety measures taken by a specific radiation oncology facility to ensure the safety of patients and staff. The context in which radiation therapy is delivered can also be a factor. The predominant model for RT delivery in Europe and North America involves daily outpatient visits to a community or academic cancer center, but there is variation globally. The risk of infection with daily treatment will depend more on risk mitigation strategies in the community and outpatient clinics for outpatient models of RT delivery, whereas it will be influenced more by hospital-specific factors for inpatient models of RT delivery. Pertinent to our analysis of elderly GBM patients, initial reports from China have also suggested that the elderly are at highest risk.^[@CIT0009]^ Cancer patients also appear to be at higher risk of SARS-CoV-2 infection and at several-folds higher risk of experiencing severe events (intensive care admission or death) from COVID-19.^[@CIT0003]^

Hypofractionated radiation has been widely encouraged to mitigate risk of infection associated with treatment^[@CIT0004],[@CIT0005],[@CIT0025]^ but without rigorous quantification of risks and benefits of different regimens. Survival analysis and modeling of COVID-19--associated mortality can provide a means to evaluate how decisions can affect patient outcomes. Our study is the first to our knowledge to provide a quantitative assessment of the risks of COVID-19 on patient outcomes, by incorporating COVID-19 risk into the best available evidence from randomized clinical trials. We focused on elderly GBM patients in this work, but our approach could be similarly applied across neuro-oncology.

GBM patients over the age of 65, often frail and with medical comorbidities, are particularly vulnerable to infection and will have very high mortality rates in the setting of a full pandemic and overwhelmed health care resources. While 6 weeks of radiation with concurrent and adjuvant TMZ is established as the standard treatment for younger patients,^[@CIT0017]^ there currently is no consensus on the optimal adjuvant regimen in elderly patients with newly diagnosed GBM, who make up the majority of new GBM diagnoses.^[@CIT0026]^ Of note, while randomized trials have used varying age criteria for inclusion in elderly-focused trials, most included patients 65 years or older ([Table 1](#T1){ref-type="table"}). For these elderly patients, several alternative regimens have emerged as options, in an effort to improve treatment compliance, reduce acute toxicity, and offer comparable rates of oncologic control.^[@CIT0010]^ Our simulations demonstrate that COVID-19 mortality deleteriously affects survival in more protracted radiation schedules, with the magnitude of effect dependent on the local risk of SARS-CoV-2 infection and COVID-19--associated mortality.

The combination of TMZ with short-course radiation is superior to radiation therapy alone in elderly patients with good performance status with respect to OS without compromising quality of life.^[@CIT0012]^ In our simulations of low and medium COVID-19 risk scenarios, the use of hypofractionated chemoradiation over 3 weeks demonstrates favorable results. This pattern persists when we examine outcomes stratified by MGMT methylation status in the Nordic and CCTG/EORTC trials ([Table 3](#T3){ref-type="table"}). Thus, with the exception of situations where the risk of COVID-19 is felt to be very high (mortality risk \>20% with daily infection risk of \>5%), hypofractionated radiation over 3 weeks with TMZ is an excellent option for elderly GBM patients with good performance status. The combination of TMZ with more hypofractionated radiation regimens (25 Gy in 5 fractions or 34 Gy in 10 fractions) is appealing but has not been evaluated in a prospective clinical trial.

For elderly GBM patients who are more frail with moderate or poor performance status, single modality treatment with radiation alone or TMZ alone has been established as a reasonable treatment approach.^[@CIT0011],[@CIT0013],[@CIT0027]^ MGMT methylation status can guide treatment decisions in this setting, and TMZ may be an acceptable alternative to radiation in patients harboring MGMT methylation.^[@CIT0007],[@CIT0019],[@CIT0028]^,[@CIT0029] In our simulations, the benefit of TMZ, relative to hypofractionated or standard radiation, trended favorably with increasing COVID-19--associated risks ([Table 3](#T3){ref-type="table"}), and is more pronounced in MGMT methylated patients. In high pandemic risk settings, our results suggest that TMZ alone may be an option for frail elderly MGMT methylated patients who are suitable for single modality treatment, but this modality requires further evaluation before widespread use, given the immunosuppressive effects of TMZ. In MGMT unmethylated frail patients, our results suggest that a hypofractionated course of radiation can be used and should be recommended. Both 10-fraction and 15-fraction radiation alone regimens have been evaluated in randomized trials, but there is no prospective comparison of these 2 regimens. In higher risk pandemic settings, 34 Gy in 10 fractions is an appealing option to minimize visits required by patients. We were not able to analyze the International Atomic Energy Agency trial that evaluated a 5-fraction regimen for newly diagnosed GBM,^[@CIT0016]^ which delivers a lower biologic effective dose but could be an option in the setting of high risk and resource strain. In unmethylated MGMT patients, caution would be necessary in considering omission of RT in favor of TMZ, as TMZ can be immunosuppressive and has an unclear benefit in these patients.

In areas of very high infection risk and mortality, there could be an inclination to consider supportive care only for elderly GBM patients. Some groups have gone as far as to recommend consideration of omission of radiation therapy for patients over the age of 65.^[@CIT0030]^ To address this, we examined a French randomized trial that demonstrated that radiation therapy provides a robust survival benefit over supportive care.^[@CIT0014]^ In simulations of low and medium risk pandemic settings, our results support a continued survival advantage with radiation therapy, and underscores the need to treat elderly GBM patients who can tolerate treatment in all but the highest risk pandemic scenarios ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}).

In this analysis, we focused on modeling infection risks associated with daily RT, but TMZ is also associated with hematologic toxicity and immunosuppression, though the resulting effect on risk of infection or mortality due to COVID-19 is not currently well characterized. Early data do suggest an elevated risk of adverse events or death among cancer patients receiving chemotherapy compared with the general population.^[@CIT0031]^ Reported toxicity data from published trials can provide estimates of risks associated with TMZ use. In the Nordic trial, a 12% rate of neutropenia and 19% rate of infection/fever was reported with TMZ versus 0% neutropenia and 7% infection/fever rate with hypofractionated RT.^[@CIT0011]^ In the CCTG/EORTC trial, rate of grade 3+ lymphopenia was 27.2% with short-course chemoradiation versus 10.3% with short-course radiation alone.^[@CIT0012]^ It remains unclear how these reported hematologic toxicity rates translate to infection risk during the COVID-19 pandemic. As additional data become available, TMZ-associated risk could be incorporated into our quantitative framework, and it may disproportionately affect chemoradiation regimens that include the risk of both exposure from daily radiation visits and increased susceptibility due to TMZ-associated immunosuppression.

There are several limitations to our analysis. We focused on the possible effects of COVID-19 on patient outcomes but did not address broader implications of cancer care in the setting of a pandemic such as the stress on health care resources, use of personal protective equipment by patients and staff, and the necessity of possible redeployment of health care resources to manage COVID-19 patients. Analyses were based on reconstructed data, and while these are felt to be representative of actual patient level data, known prognostic variables other than MGMT status could not be incorporated. Several assumptions were necessary to model the effect of COVID-19 on patient outcomes, and COVID-19 pathophysiology and associated risks are not yet well understood. For this reason, we focused on several scenarios to generate a general framework that could be tailored to different clinical contexts.

Conclusion {#s16}
==========

We developed a quantitative framework using published results from randomized clinical trials to incorporate the risk of COVID-19--associated mortality during radiation therapy and quantify the risks and benefits of various treatment regimens under different pandemic scenarios. In elderly GBM patients, we demonstrate that COVID-19--associated risks at the local level should be incorporated in making treatment recommendations. Use of short-course chemoradiation should be prioritized during the pandemic for elderly GBM patients. Monotherapy with hypofractionated RT or TMZ can be considered for frail patients, and MGMT methylation status can be used to guide clinical decision making.
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